This paper presents a tactic to realize numerous in-building small cell base station (SBS) architectures for dynamic spectrum sharing by varying the number of physical transceivers as well as the number, amount, and characteristics of operating spectrums per SBS. Each SBS architecture is defined as a Type and the spectrum sharing mechanism of each Type of architecture is detailed and mathematically analyzed to define existing dynamic spectrum sharing techniques suggested in the literature. The high external wall penetration loss of a building and the eICIC technique are exploited to manage co-channel interference generated due to sharing the spectrum of one system to another. System-level capacity, spectral efficiency, and energy efficiency performance metrics are derived for each SBS architecture to show the relative outperformance of one to another. It is found that, unlike energy efficiency (EE), the spectral efficiency (SE) response of an SBS architecture is directly affected by the channel characteristics as well as the number and amount of operating spectrum bands. However, the number of transceivers of an SBS does not have a noticeable impact on both SE and EE so long as the feature of an operating spectrum is not altered. Finally, we show that each Type of the proposed SBS architectures can achieve the prospective SE and EE requirements for fifth-generation (5G) mobile networks.
I. INTRODUCTION
Radio spectrum is one of the major pillars to address high user data rates and network capacity demands of next-generation (i.e., fifth-generation (5G)) mobile networks. Traditional approaches in order to increase data rates such as spectrum extension are no more effective due to the scarcity of radio spectrum availability below 3 GHz [1] . Moreover, since most of the mobile data is generated in indoor environments, all these call researchers for coming up with new ideas of how to increase user data rate and network capacity in indoor environments. One such effective approach is dynamic spectrum sharing (DSS) that can address ever-increasing indoor high data rates and capacity demands for mobile network operators (MNOs). In general, the spectrum of a primary system is used for a secondary system in DSS. Numerous techniques for DSS have already been proposed in the literature. For example, in licensed shared access (LSA) [2] , licensed spectrum of a different system such as a satellite system is shared with a mobile system [3] , whereas in licensed assisted
The associate editor coordinating the review of this manuscript and approving it for publication was Jiankang Zhang . access (LAA) [4] , usually an unlicensed spectrum (e.g., 60-GHz and 2.4-GHz) is shared with a mobile system. Moreover, spectrum sharing can also be performed between homogeneous systems, e.g. the licensed spectrum of one MNO can be shared with another MNO. If the spectrums of both MNOs are kept in a common pool with an equal access priority, an MNO can use maximally the whole spectrum of the other depending on the traffic condition. Such kind of spectrum sharing is called spectrum pooling based co-primary shared access (CoPSA) [5] , [6] .
Employing these well recognized DSS techniques to address high user data rate and network capacity particularly in indoor environments is not straightforward and needs a number of issues of indoor serving base stations (BSs) (e.g., the number and the characteristic of operating spectrum bands and physical transceivers of each small cell base station (SBS)) to be considered. In general, based on these factors of an SBS, several variations to an SBS architecture can be made possible to realize DSS techniques for sharing spectrum with in-building small cells (SCs). Numerous research works have studied the impact of the number as well as the characteristics of operating bands of an SBS. For example, authors in [7] proposed architectures for multiband SBSs and user equipments (UEs) to split uplink and downlink as well as controlplane and user-plane to address a number of critical issues such as the variation in user traffic demand over time and location. In [8] , authors have studied the impact of SC bandwidth requirements on strategic operators and showed that by imposing a required minimum bandwidth allocation on small cells, the optimal bandwidth allocation strategies of service providers can change dramatically. Authors in [9] studied the existence of both licensed and unlicensed spectrum on SCs. In [10] , authors have studied the capacity performances of an SBS by varying the number and the characteristics of operating spectrum bands of an SBS. However, dealing with an explicit set of requirements of in-building SBSs in terms of, for example, the number of transceivers and operating bands, as well as the characteristics of operating bands in connection with realizing DSS techniques, has not been yet obvious in the existing literature.
In this paper, we aim at addressing this issue by presenting numerous possible SBS architectures based on the above factors to realize notable DSS techniques. In doing so, we exploit the high external wall penetration loss of a building and the time-domain enhanced intercell interference coordination (eICIC) technique. This is due to the fact that the external wall penetration loss of a building is high enough, typically 20 dB [11] , such that the strength of an outdoor signal when penetrating through an external wall of a building becomes poor, resulting in reusing the frequency of an outdoor base station to indoor users served by indoor base stations within the building [12] . However, when reusing the frequency of an outdoor base station to indoor users, the presence of outdoor users within the same building as that of indoor users causes significant co-channel interference with indoor users since in such a situation both outdoor and indoor users are served by the same outdoor base station's frequency. The co-channel interference can be avoided by employing the time-domain almost blank subframe (ABS) based enhanced intercell interference coordination (eICIC) technique such that, in any transmission time interval (TTI), either outdoor users or indoor users can be served by the frequency. Hence, the outdoor macrocell (MC) spectrum of an MNO is considered sharing with its SCs deployed within a number of multi-story buildings over the coverage of its MCs. We detail each SBS architecture and carry out the corresponding mathematical analysis. With system-level numerical and simulation results, we show the relative outperformance of one SBS architecture to another.
We present the paper in different sections as follows. In section II, an overview of numerous SBS architectures and the interference management strategy are given. Numerical analysis and formulation of a number of performance metrics for each SBS architecture are carried out in section III. Section IV covers the performance evaluation and comparison of all SBS architectures with that of 5G requirements for SE and EE. We conclude the paper in section V. It is to be noted that a small part of this paper has been presented in the 2019 IEEE International Symposium on Dynamic Spectrum Access Networks (IEEE DySPAN), Newark, NJ, USA, 11-14 November 2019 [13] . The conference article has been extended considerably in terms of enhancement of background material, expansion of discussion, and inclusion of new problems and corresponding solutions. Conference materials whenever used in terms of texts are rewritten, and figures are reproduced with citations. Finally, this paper is written comprehensively such that readers will find it selfcontained, detailed, and complete, unlike its conference solutions.
II. SYSTEM MODEL A. SYSTEM ARCHITECTURE OF MNO 1
Since SCs are deployed as part of a mobile heterogeneous network of an MNO, we assume that SCs belong to MNO 1 as a secondary system to share the spectrum of a primary system with SCs and to evaluate the relative outperformance of one SC architecture to another. Figure 1 (i) shows the system architecture of MNO 1 that comprises of a macrocell base station (MBS), a number of outdoor picocells (PCs), as well as indoor SCs deployed within a set of 3-dimensional (3D) buildings over the coverage of an MC. An outdoor macro UE is offloaded to a PC, whereas an indoor macro UE is offloaded to an in-building SC whenever the received signal strength of the macro UE while being served by the MC becomes poor. Figures 1(ii), 1(iii), and 1(iv) show respectively another terrestrial MNO 2, a satellite system, and the 60-GHz unlicensed spectrum band as primary systems. The spectrum of each primary system is considered sharing with in-building SCs of MNO 1. Note that both MNO 2 and the satellite system operate at licensed spectrums. Hence, a set of architectures of an in-building SBS of MNO 1 can be designed depending on which one or more of the primary systems' spectrums are shared with the SBS.
B. PROPOSED SMALL CELL BASE STATION ARCHITECTURES
Let xm denote the maximum number of MNOs such that x ∈ x = {1, 2, . . . , xm} denotes a set of MNOs assigned with the licensed spectrums f
. . , F l,xm denote a set of licensed spectrums of other systems than any mobile system, e.g. satellite systems and fixed wireless access (FWA). Let F ul, x ∈ F ul,x = F ul,1 , F ul,2 , . . . , F ul,xm denote a set of unlicensed spectrums, e.g. 60-GHz, 5-GHz, and 2.4 GHz spectrums. As illustrated in Fig.2 , applying these notations, a total of nine Types of in-building SBS architectures of MNO 1 are proposed based on the number of physical transceivers as well as the number, amount, and characteristics of operating spectrums of an SBS. It is to be noted that the necessity of multiple transceivers per SBS is justified by the fact that when two or more systems operate at spectrums with diverse signal propagation characteristics would need different transceiver features (e.g., different filter characteristics), which results in realizing different spectrum sharing access accordingly as described in the following.
1) TYPE 1-SINGLE-TRANSCEIVER SINGLE-BAND ENABLED SBSS OPERATING AT THE LICENSED SPECTRUMS OF HOMOGENEOUS SYSTEMS (SSL-HOM)
In this Type of SBS architecture, both the MBS and an SBS operate at their own MNO's spectrum subject to the interference management policy set by the MNO. This Type of SBS can be used for the co-channel shared access (CSA) between an MBS and in-building SBSs of an MNO using the eICIC technique.
2) TYPE 2-SINGLE-TRANSCEIVER SINGLE-BAND ENABLED SBSs OPERATING AT THE LICENSED SPECTRUMS OF HETEROGENEOUS SYSTEMS (SSL-HET)
In this Type of SBS architecture, the MBS and an in-building SBS of an MNO operate at different frequencies. This Type of SBS can be used for LSA for sharing the licensed spectrum of a heterogeneous system with in-building SBSs of an MNO.
3) TYPE 3-SINGLE-TRANSCEIVER SINGLE-BAND ENABLED SBSs OPERATING AT THE UNLICENSED SPECTRUMS OF HETEROGENEOUS SYSTEMS (SSU-HET)
Like Type 2, in this Type of SBS architecture, both the MBS and an SBS of an MNO operate at different frequencies. This Type of SBS can be used for the unlicensed shared access (ULA) to operate in-building SBSs of an MNO at an unlicensed heterogeneous spectrum band.
4) TYPE 4-SINGLE-TRANSCEIVER MULTIBAND ENABLED SBSs OPERATING AT THE LICENSED SPECTRUMS OF HOMOGENEOUS SYSTEMS (SML-HOM)
In this Type of SBS architecture, an in-building SBS operates at the spectrums of multiple MNOs in the same region using a single-transceiver by employing techniques such as carrier aggregation. Authorized shared access (ASA) can be realized by this architecture subject to the interference management among MNOs.
5) TYPE 5-MULTI-TRANSCEIVER MULTIBAND ENABLED SBSs OPERATING AT THE LICENSED SPECTRUMS OF HOMOGENEOUS SYSTEMS (MML-HOM)
In this Type of SBS architecture, an in-building SBS operates at the spectrums of multiple MNOs in the same region using multiple transceivers. Multiple transceivers are needed due to the diverse signal propagation characteristics at the operating spectrums of MNOs. CoPSA such as spectrum pooling and spectrum renting can be realized by this Type of SBSs. Note that since an MNO in the spectrum pooling technique can get access to the spectrums of other MNOs in the pool, the generated co-channel interference can be overcome by employing the ABS based eICIC technique such that in any time only one MNO can get access to the spectrum pool. 
6) TYPE 6-MULTI-TRANSCEIVER MULTIBAND ENABLED SBSs OPERATING AT THE LICENSED SPECTRUMS OF HETEROGENEOUS SYSTEMS (MML-HET)
In this Type of SBS architecture ( Fig.2(e) ), an in-building SBS operates at the spectrums of its own MNO as well as a heterogeneous system using multiple transceivers. Both CSA and LSA can be realized by this Type of SBSs as follows. Assume that transceiver 1 of an SBS operates at the satellite spectrum and transceiver 2 operates at its own MNO's spectrum such that CSA can be realized with transceiver 2 and LSA can be realized with transceiver 1 of the SBS. Note that to avoid interference between a satellite UE and an SC UE, ABS based eICIC can be applied such that transceiver 2 of an SBS operates only during non-ABSs, whereas transceiver 1 can operate only during ABSs of each ABS pattern period (APP).
7) TYPE 7-MULTI-TRANSCEIVER MULTIBAND ENABLED SBSs OPERATING AT THE UNLICENSED SPECTRUMS OF HETEROGENEOUS SYSTEMS (MMU-HET)
In this Type of SBS architecture, an SBS operates at the spectrum of its own MNO as well as at the unlicensed spectrum of a heterogeneous system using multiple transceivers.
Like Type 6, CSA can be realized with the transceiver of the SBS that operates at its own MNO's spectrum. Moreover, by aggregating the spectrum of its MNO of one transceiver and the 60-GHz unlicensed spectrum, for example, of the other transceiver, LAA can be realized. Note that no interference management is needed for this Type of SBSs due to sharing an unlicensed spectrum with an SBS.
8) TYPE 8-MULTI-TRANSCEIVER MULTIBAND ENABLED SBSs OPERATING AT THE LICENSED AND UNLICENSED SPECTRUMS OF HETEROGENEOUS SYSTEMS -OPTION 1 (MMLU-HET 1)
In this Type of SBS architecture, one of the transceivers of an SBS operates at the licensed spectrum of a heterogeneous system (e.g., a satellite system) and the other transceiver operates at an unlicensed spectrum (i.e., 60-GHz unlicensed spectrum) using dual transceivers. Hence, both transceivers of an SBS operate at different spectrums from that of its own MNO spectrum, resulting in no need for the co-channel interference management between an SBS and the MBS. Due to operating one of its transceivers of an SBS at the licensed satellite spectrum and the other transceiver at the unlicensed spectrum, LSA can be realized with the transceiver operating at the licensed satellite spectrum and LAA can be realized by aggregating the unlicensed spectrum with the licensed satellite spectrum of the SBS.
9) TYPE 9-MULTI-TRANSCEIVER MULTIBAND ENABLED SBSs OPERATING AT THE LICENSED AND UNLICENSED SPECTRUMS -OPTION 2 (MMLU-HET 2)
In this Type of SBS architecture, one of the transceivers of an SBS operates at the spectrum of its own MNO, the second transceiver operates at the licensed spectrum of a heterogeneous system (e.g., a satellite system), and the third transceiver operates at an unlicensed spectrum (e.g., 60-GHz unlicensed spectrum) using multiple transceivers. Hence, transceiver 1 of an SBS and the spectrum of the MBS of its MNO can realize CSA, transceivers 1 and 2 of the SBS can realize LSA, and transceivers 1 and 3 of the SBS can realize LAA such that CSA, LSA, and LAA can be realized with this Type of in-building SBS architecture. Table 1 summarizes all the realized spectrum sharing accesses by these proposed Types of SBS architectures.
C. CO-CHANNEL INTERFERENCE MANAGEMENT AND ALGORITHM
We consider employing the ABS based eICIC technique to share the same spectrum of one system with the other. Figure 3 shows an illustration of the ABS based eICIC technique, which is applied to any transceiver of an SBS depending on its operating spectrum. Note that, referring to section II(B), it can be found that a number of Types of proposed SBS architectures, namely SSL-Hom, SSU-Het, and MMU-Het, do not require co-channel interference management. This is because an SBS of either of these kinds of SBS architectures operates at a frequency different from that of the other systems, either homogeneous or heterogeneous, that results in no occurrence of co-channel interference in these three Types of SBS architectures.
However, the other six Types of SBS architectures, namely SSL-Het, SML-Hom, MML-Hom, MML-Het, MMLU-Het 1, and MMLU-Het 2 require applying the ABS based eICIC technique to avoid co-channel interference. This is because at least one of the transceivers of an SBS of either of these six Types of SBS architectures operates at the same frequency as that of the other shared, either homogeneous or heterogeneous, system. Moreover, the exploitation of the external wall penetration loss is not needed only when an SBS with a single-transceiver operates at an unlicensed spectrum such as an SBS with the SSU-Het architecture. This is not applicable for a single-transceiver enabled SBS operating at either a satellite spectrum or an MNO spectrum due to their existence in outdoor environments as well.
Hence, depending on the Type of SBS architecture, an SBS of either of SSL-Het, SSU-Het, SML-Hom, MML-Hom, MML-Het, or MMLU-Het Type of SBS architecture can be configured such that it can operate only during non-ABSs per ABS pattern period (APP), which we discuss in more detail in the following section. Note that, an ABS is a TTI during which no data signal is transmitted except some control signals such as broadcast and synchronization signals. Hence, an SBS can be scheduled at the same frequency of another system only during non-ABSs per APP to transmit its user data while the other shared-frequency system mutes transmitting its user data to avoid co-channel interference.
The proposed Types of SBS architectures in section II(B) vary from one another considerably, in terms of, for example, co-channel interference phenomena, types of system, characteristics of the shared spectrum and signal propagation, and the number of required modeling variables. Due to this reason, we consider a unified approach for modeling SBS architectures, which is simple and can capture the unique features and requirements of each Type of SBS architecture. Moreover, such a unified modeling approach helps understand easily the modeling due to considering customized features and requirements that are applicable only to a particular Type of SBS architecture. Algorithm 1 shows a stepwise unified approach for selecting an appropriate Type of SBS architecture of an arbitrary MNO x and estimating relevant performance metrics. Using Algorithm 1, we perform a numerical analysis of each Type of SBS architecture in the following section.
III. NUMERICAL ANALYSIS A. PRELIMINARIES
Let N denote the number of macro UEs and µ MI denote the ratio of the number of indoor macro UEs over the coverage of an MC of MNO 1. Recall that L denotes the maximum number of buildings and S F denotes the number of active Step 2. Define the dynamic spectrum sharing access method to be realized (e.g., ASA, LSA, and LAA) for MNO x.
Step 3. Find the licensed spectrums f
Step 4. Define a set of licensed spectrums F l, x ∈ F l,x = F l,1 , F l,2 , . . . , F l,xm of other systems than the MNO x and a set of unlicensed spectrums F ul, x ∈ F ul,x = F ul,1 , F ul,2 , . . . , F ul,xm that can be shared with in-building SBSs of MNO x.
Step 5. Choose the shared operating spectrums defined in Steps 3 and 4 for each SBS based on Step 2.
Step 6. Define the number of transceivers required per SBS and allocate the chosen shared spectrum to transceivers per SBS based on Steps 2 and 5.
Step 7. Now, select an appropriate Type of in-building SBS architecture from the proposed set of nine Types of SBS architecture (Fig.2 ) based on the number of required transceivers per SBS as well as the number and characteristics of the shared operating spectrums per SBS using Steps 3-6.
// estimating performance metrics Step 8. Define the number of macro UEs per macrocell, the number of buildings L per macrocell as well as the number of SBSs per building of MNO x, and assume that an indoor macro UE of MNO x is always served by an SBS.
Step 9. Find the number of resource blocks (RBs) in the shared spectrums chosen in Step 5 as well as the spectrum of MNO x.
Step 10. Define the transmission power of each transceiver of each SBS.
Step 11. Define whether or not the co-channel interference management technique ( Fig.3 ) needs to be applied based on Step 7.
Step 12. Find the number of ABSs and non-ABSs subject to Step 11 for each transceiver of each SBS. SCs, i.e. femtocells, in each building where S F is the same for all buildings. Assume that each SC of MNO 1 in a building serves exactly one SC UE at a time. For all Types of SBS architectures, we assume that whenever an outdoor macro UE of MNO 1 moves into a building, the macro UE is offloaded to one of its MNO's SBS, and continues to communicate with the SBS only. Further, though in general, the number of SC UEs in one building is independent of the other, for simplicity, Step 18. Using Steps 9-10 and 17, estimate the systemlevel spectral efficiency and energy efficiency of MNO x for L = 1.
Step 19. Assuming identical indoor propagation characteristics and user distribution in each of the L buildings, repeat Steps 17 and 18 to estimate the system-level capacity, spectral efficiency, and energy efficiency of MNO x for L ≥ 1.
Step 20. Now, plot spectral efficiency and energy efficiency performance responses for L ≥ 1.
we assume that in each of the L buildings, the same number of SCs is deployed.
Let T denote simulation run time with the maximum time of Q (in time step each lasting 1 ms) such that T = {1, 2, 3, . . . , Q} and hence |T | = Q. In the ABS based eICIC technique, assume that T ABS denotes the number of ABSs in every APP of 8 subframes such that T ABS ⊆ T and T ABS ={t : t = 8 v + z; v = 0, 1, 2, . . . , Q/8; z = 1, . . . , T ABS } where T ABS = 1, 2, . . . ,8 corresponds to ABS patterns ϕ = 1/8, 2/8, . . . , 8/8 respectively. Let t ABS and t non-ABS denote respectively an ABS and a non-ABS such that t ABS ∈ T ABS and t non-ABS ∈ T \T ABS .
Let M 1 denote the number of resource blocks (RBs) in the spectrum of MNO 1 where an RB is equal to 180 kHz. Let S P and S M denote respectively the number of PC BSs (PBSs) per MBS and the number of MBSs in MNO. Recall that there are S F SBSs per 3D building such that s ∈ {1, 2, . . . , S F } . Let P SC,1 , P SC,2 , and P SC,3 denote respectively the transmission power of transceiver 1, transceiver 2, and transceiver 3 of an SBS.
Using Shannon's capacity formula, a link throughput at RB= i in TTI= t in bps per Hz is given by [14] , [15] ,
where β is considered as the implementation loss factor. 
where σ and ρ are responses over M 1 RBs of all outdoor macro UEs in t ∈ T. However, all SBSs of MNO 1 per building operate at the spectrum of B 1 in t ∈ T , and any macro UE whenever enters into a building is offloaded to an SBS. So, the capacity served by an SBS of MNO 1 is then given by,
If all SBSs per 3D building serve simultaneously, the aggregate capacity per 3D building is then given by,
This leads to the system-level capacity of MNO 1, including outdoor UEs as well as in-building SC UEs, for a singlebuilding, i.e. L = 1, 
Now, the average system-level spectral efficiency (SE) of MNO 1 after sharing the spectrum B 1 with its in-building SBS is given by,
Similarly, the average system-level energy efficiency (EE) of MNO 1 after sharing the spectrum B 1 with its SBSs per building in joules/bit (J/b) is given by,
Note that, for a single-transceiver equipped SBS, we assume transceiver 1 per SBS by default.
For L ≥ 1, we assume that the indoor propagation characteristics and the distance of UEs from their respective SBSs deployed in each of the L buildings do not deviate significantly from one another such that by linear approximation, the average aggregate capacity for MNO 1 is roughly given by,
Now, the SE for L buildings is given by,
Similarly, the EE for L buildings is given by,
C. TYPE 2: SSL-HET Recall that, for this Type of SBS architecture, we assume that an SBS operates at a licensed satellite spectrum. Hence, following Type 1, the aggregate capacity of all outdoor macro UEs for M 1 RBs, Q TTIs, and L = 1 can be given by,
However, to avoid co-channel interference between an SC UE and a satellite UE, we consider that SC UEs operate during non-ABSs t SPS non -ABS ∈ T \T SPS ABS and satellite UEs operate during ABSs of any APP such that the aggregate capacity for a single SBS is given by,
where M SPS denotes the number of RBs in the space-satellite system (SPS) spectrum. For S F SCs, the aggregate capacity per 3D building is given by,
Hence, the system-level capacity of MNO 1 is given by,
Now, following the consideration mentioned in Type 1, the average SE of MNO 1 after sharing the incumbent satellite spectrum with its in-building SBSs is given by,
Similarly, the average system-level EE of MNO 1 after sharing the satellite spectrum with its SBSs per building in joules/bit (J/b) is given by,
For L ≥ 1, following Type 1, the average aggregate capacity of MNO 1 is roughly given by,
D. TYPE 3: SSU-HET Like Type 2, in this Type of SBS architecture, we assume that each SBS operates at the 60-GHz unlicensed spectrum only. Let M ULS denote the number of RBs in the 60-GHz unlicensed spectrum (ULS). Since MNO 1 operates at a different spectrum from that of the ULS, an SBS enabled with the ULS can operate in all TTIs t ∈ T such that the capacity served by all SBSs per building is given by,
For S F SBSs, the aggregate capacity per 3D building is given by,
Now, using (11), the aggregate capacity of all outdoor macro UEs for M 1 RBs of MNO 1, Q TTIs, and L = 1 can be given similarly by, 
Note that, since ULS is license-free, then following the consideration mentioned before, the average system-level SE of MNO 1 per building is given by, 
Hence, the SE for L buildings is then given by,
Similarly, the EE for L buildings is given by, 
where σ and ρ are responses over M 1 RBs of all outdoor macro UEs in t ∈ T Since due to the aggregation of xm spectrums, all SBSs of MNO 1 per building operate at the spectrum of B co in non-ABSs, t non -ABS ∈ T non−ABS,x=1 of each APP such that the capacity served by an SBS of MNO 1 at M co RBs corresponds to the spectrum B co is then given by,
If all SBSs per 3D building serves simultaneously in t non -ABS ∈ T non−ABS,x=1 at the total M co RBs, the aggregate capacity per 3D building is then given by,
For L ≥ 1, by linear approximation, the average aggregate capacity for MNO 1 is roughly given by,
Now, the SE for L buildings is given by, For this Type of SBS architecture, we consider analyzing the SBS architecture for co-primary spectrum pooling shared access. Consider that each SBS is enabled with two transceivers. One of the transceivers operates at the spectrum of a different MNO, i.e. MNO 2, and the other transceiver operates at the spectrum of MNO 1. Let M 2 denote the number of RBs in the spectrum of MNO 2. Since transceiver 1 of an SBS operates at the same spectrum of MNO 2, transceiver 1 of all SBSs per building is assumed to operate at the spectrum of MNO 2 in non-ABSs t non -ABS ∈ T \T MNO,2 ABS . The capacity served by an SBS operating at the spectrum of MNO 2 is then given by,
If all SBSs per 3D building is serving simultaneously, the aggregate capacity per 3D building due to the spectrum of MNO 2 is then given by, Assume that whenever an outdoor macro UE moves into a building, it is offloaded to transceiver 2 of an SBS. Then, the capacity achieved by transceiver 2 of an SBS per building is given by, 
where σ OTD MML -Hom = Q t=1 M 1 i=1 σ t,i ρ t,i Remark 1: Note that, in estimating the SE, we consider only the licensed spectrum of an MNO, not the shared or reused spectrum from other MNOs or systems. Hence, the capacity that is achieved by the spectrum of MNO 2 using SBSs for MNO 1 can be interpreted as the capacity achieved because of sharing the same MNO 2 spectrum with MNO 1 such that the effective spectrum of MNO 1 is its licensed spectrum of M 1 RBs only. Now, the average system-level SE of MNO 1 after sharing the spectrum with its SBSs is given by for L ≥ 1,
Similarly, the average system-level EE of MNO 1 after sharing spectrums with its SBSs in joules/bit (J/b) is given by for L ≥ 1,
TYPE 6: MML-HET
Assume that transceiver 1 of all SBSs is used to operating at the satellite spectrum, whereas transceiver 2 of all SBSs is used to operating at the spectrum of MNO 1 per building.
To avoid co-channel interference between a satellite UE and an SC UE, the ABS based eICIC is employed such that transceiver 1 of an SBS operates during non-ABSs whereas transceiver 2 operates during ABSs of each APP. The aggregate capacity achieved by transceiver 1 for a single SBS is given by,
For S F SCs, the aggregate capacity per 3D building is given by, But the outdoor macro UE capacity can be given by as follows.
For L ≥ 1, the average aggregate capacity of MNO 1 is roughly given by,
H. TYPE 7: MMU-Het
Assume that transceiver 1 of all SBSs per building is used to operating at the 60-GHz unlicensed spectrum and transceiver 2 is used to operating at the spectrum of MNO 1. Let M ULS denote the number of RBs in the 60-GHz unlicensed spectrum. Since MNO 1 operates at a different frequency from that of the ULS, transceiver 2 of an SBS enabled with the ULS can operate in all TTIs t ∈ T. The capacity served by transceiver 1 of an SBS is given by,
Now, the capacity achieved by transceiver 2 of an SBS per building is given by,
And for all SBSs per building, the capacity is given by,
Hence, the total capacity served by all SBSs enabled with both spectrums in a 3D building is given by, 
But, the outdoor macro UE capacity can be given by as follows.
So, for L ≥ 1, the average aggregate capacity of MNO 1 is then roughly given by,
Note that, since ULS is license-free, the average systemlevel SE of MNO 1 for L buildings is given by,
I. TYPE 8: MMLU-Het 1
Assume that transceiver 1 of an SBS operates at the satellite spectrum and transceiver 2 operates at the 60-GHz unlicensed spectrum. To avoid the co-channel interference between a satellite UE and an SC UE when SC UEs are served by the satellite spectrum, the ABS based eICIC is employed such that transceiver 1 serves SC UEs during non-ABSs and satellite UEs during ABSs of each APP. The aggregate capacity achieved by transceiver 1 for an SBS is given by,
For S F SCs, the aggregate capacity per 3D building is given by,
Since the unlicensed spectrum is intended to serve mainly SC UEs, the capacity served by transceiver 2 of an SBS is given by,
For S F SBSs, the aggregate capacity per 3D building with transceiver 2 is given by, 
But, the outdoor macro UE capacity can be given by,
So, for L ≥ 1, the average aggregate capacity of MNO 1 is then roughly given by, 
Note that, since ULS is license-free, and following Remark 1, the average system-level SE of MNO 1 for L ≥ 1 is given by, Similarly, the EE for L buildings is given by,
J. TYPE 9: MMLU-Het 2
Assume that transceiver 1 of each SBS operates at its MNO's spectrum, transceiver 2 operates at the licensed spectrum of a satellite system and transceiver 3 operates at the 60-GHz unlicensed spectrum. To avoid co-channel interference between a satellite UE and an SC UE, the ABS based eICIC is employed such that transceiver 2 operates during non-ABSs, whereas transceiver 1 operates during ABSs of each APP. The capacity achieved by transceiver 1 of all SBSs per building is given by,
The aggregate capacity achieved by transceiver 2 for all SBSs per building is given by,
For S F SCs, the aggregate capacity per 3D building with transceiver 2 is given by,
Similarly, the capacity served by transceiver 3 of an SBS is given by,
For S F SBSs, the aggregate capacity per 3D building with transceiver 3 is given by,
Hence, the overall aggregate capacity served by all SBSs enabled with all spectrums per building is given by, But, the outdoor macro UE capacity can be given by as follows.
Then the average system-level SE of MNO 1 is given by,
IV. PERFORMANCE EVALUATION AND COMPARISON A. DEFAULT SIMULATION PARAMETER AND ASSUMPTION
Default simulation parameters and assumptions are given in Table 2 that is used to evaluate the performance of all Types of SBS architectures. We evaluate the downlink performance of a 3 rd generation partnership project (3GPP) Evolved Universal Terrestrial Radio Access (E-UTRA) system to analyze the relative performance of one Type of SBS architecture to another in view of MNO 1. Note that in-building SBSs are considered as part of the heterogeneous network of MNO 1.
For the evaluation, we consider 10 MHz licensed spectrum for each of MNO 1, MNO 2, and a satellite system. In addition, 10 MHz of 60-GHz unlicensed spectrum is considered to realize and evaluate all proposed Types of SBS architectures.
Since indoor macro UEs of MNO 1 are offloaded to its SCs and the 60-GHz unlicensed spectrum is different from the spectrum of MNO 1, only the Types of SBS architectures that use either the satellite spectrum or the MNO 2 spectrum are subjected to enforcing the ABS based eICIC technique. Note that 10 MHz shared spectrum from each system is considered arbitrarily. Any values other than this value can be considered. However, choosing such different values will not alter the performance evaluation results. Further, we consider the maximum of three transceivers per SBS since three transceivers per SBS are enough to address possible combinations of all the major categories of systems (i.e., either a homogeneous or a heterogeneous system) and spectrums (either a licensed or an unlicensed spectrum). Figure 4 shows SE responses of all Types of SBS architectures with the variation of the number of buildings per MC of MNO 1. The following can be observed from Fig.4 . The group of SBS architectures, including Types 9, 8, 7, and 3, gives significantly better SE responses than others due to better channel response of 60-GHz unlicensed spectrum than that of other licensed spectrums. Moreover, when a transceiver is operating at an unlicensed spectrum, the cochannel interference management is not needed, resulting in operating the corresponding transceiver in all TTIs of each APP. Furthermore, Type 9 SBS architecture gives the best SE responses of all due to the fact that an increase in the number of operating bands for an SBS increases the SE linearly and Type 9 uses the maximum number of spectrum bands as compared to all other Types of SBS architectures. This can also be clarified by the fact that SBS architectures of Types 6, 5, and 4, which provide almost the similar SE responses, give slightly better SE responses than SBSs of Types 1 and 2 due to operating each SBS by more than one spectrum unlike Types 1 and 2.
B. PERFORMANCE EVALUATION 1) SPECTRAL EFFICIENCY
It is to be noted that Types 5 and 4 give the same SE responses because of using the same amount and characteristic of spectrums irrespective of the number of transceivers. Further, although the interference management strategy is employed to the transceiver operating at either the spectrum of the satellite system or the spectrum of MNO 2 of each SBS of Types 4, 5, and 6, Type 6 provides better SE response than Types 4 and 5 due to imposing less number of non-ABSs for the satellite spectrum than the MNO 2 spectrum since the probability of existence of UEs of the terrestrial MNO 2 within the coverage of SBSs of MNO 1 is higher than that of satellite UEs. Finally, Type 1 gives better SE response than Type 2 due to employing the co-channel interference management strategy such that the transceiver of each SBS of Type 2 operates only during non-ABSs of each APP.
Overall, based on the above observations, it can be concluded fairly that SE response of an in-building SBS depends on its architecture, which is directly affected by the channel characteristics as well as the number and amount of operating spectrum bands, the applied co-channel interference management strategy, and the rate of traffic of the shared spectrum. Theoretically, the number of transceivers per SBS has no impact so long as there is no self-interference between transceivers and the characteristics as well as the number and amount of operating spectrum bands are kept unchanged.
2) ENERGY EFFICIENCY
Like SE, similar responses can be observed for EE, i.e. SBS architectures of Types 9, 8, 7, and 3 require the least energy per bit transmission, followed by Types 6, 5, and 4. It is to be noted that unlike SE, the deviation in EE responses either among Types 9, 8, 7, and 3 or among Types 6, 5, and 4 is not considerable. This is because of the fact that unlike SE, in addition to the density of SBSs, EE is the function of the number of transceivers, i.e. the aggregate transmission power of each SBS. This can also be clarified by the fact that unlike SE, EE responses of Type 4 and Type 5 are not the same, i.e. Type 4 gives better EE response than Type 5 due to operating with a single transceiver, unlike Type 5 that uses multiple transceivers. Further, since Types 1 and 2 give the worst SE, i.e. capacity, responses of all, they also cost more energy to transmit per bit, resulting in giving the worst EE responses.
Like SE responses for all Types of SBS architectures that vary linearly with the density of SBSs, EE responses of all Types of SBS architectures also vary negative exponentially with the density of SBSs (Fig.5 ). However, unlike SE, EE responses decay very fast and remain almost steady even after increasing the density of SBSs to a certain level. Since the increase is SBSs raises correspondingly the cost of deployment and the complexity of SC network management, and EE does not improve after certain level of SBS density, a strategic value of SBS density depending on the SE and EE requirements as well as Types of SBS architectures can be set by a network operator such that the optimality in terms of cost, complexity, and quality of performances can be achieved.
To sum up, EE responses of all Types of SBS architectures vary negative exponentially with the density of SBSs irrespective of the number, amount, and characteristics of operating spectrums as well as the number of physical transceivers per SBS. EE gets steady very fast with an increase in the density of SBSs and gives better EE responses for lower densities of SBSs. More specifically, Types of SBS architectures have a considerable impact on EE responses for small values of the SBS density. However, unlike SE, for large values of the SBS density, Types of SBS architectures do not have a significant impact on EE responses.
Remark 2: For each type of SBS architecture, a region of optimality for the EE and the SE can be determined as a function of the small cell user density. Assume that each SBS is active so long as it has user traffic requests to serve. Since we assume that an SBS serves only one user at a time, the number of small cell users can be represented by the number of SBSs (i.e., the value of L) active in any TTI t. Since the SE increases linearly whereas the EE decreases negative exponentially with an increase in L as shown in Figs. 4 and 5 , the normalized values of the EE and the SE for each Type of SBS architecture intersect one another for a certain value of L = L * [20] . Since any values of L that is less than L * causes both the SE and the EE performances to degrade, the value of L = L * defines the minimum value of L beyond which both the SE and the EE performances improve. Hence, the region of optimality for both the EE and the SE lies for L ≥ L * . However, unlike the SE, the improvement in the EE is insignificant with an increase in L further from L = L * . Since an increase in L causes to increase both the cost and the complexity of the small cell network due to the increased number of small cells, a trade-off between the EE and the SE can be considered depending on factors such as small cell user density and traffic demand, cost and complexity from the deployment of small cell network when choosing the value of L subject to L ≥ L * . A more detailed explanation can be found in [20] .
C. PERFORMANCE COMPARISON
For 5G mobile networks, an average SE of 24-37 bps/Hz [21] and an average EE of 3µJ/b [21] , [22] are expected. In the following, we would like to investigate whether or not the presented Types of SBS architectures can achieve the SE and EE requirements for 5G mobile networks. Using Fig.4 for SE and Fig.5 for EE, Table 3 shows the SBS density in terms of the number of buildings L. From Table 3 , it can be found that all Types of SBS architectures can fulfill the requirements of SE and EE for 5G networks for some values of L. More specifically, SBS architectures of Type 3, 4, 5, 6, 7, 8, and, 9 can achieve the EE requirement for 5G of 3µJ/b for only L = 1, whereas Types 1 and 2 can achieve the required 3µJ/b only when L ≥ 2. However, the SE requirement can be satisfied for the minimum value of L = 5 by SBS architectures of Types 9, 8, 7, and 3, and for the maximum value of L by Types 2 and 1. This implies that, as compared to the SE, the EE requirement for 5G can be satisfied with a lower value of L for each Type of SBS architecture. As mentioned already, this is due to the fact that unlike SE responses that vary linearly with L, EE responses vary negative exponentially as shown in Fig.5 such that the EE requirement for 5G can be satisfied with a lower value of L than that necessary to satisfy the SE requirement for 5G. Hence, this results in requiring the value of L that can satisfy both SE and EE requirements for 5G networks is defined by the value of L required to satisfy only the SE requirement for each Type of SBS architecture as shown in Table 3 .
V. CONCLUSION
In this paper, we have presented numerous in-building small cell base station architectures by exploiting the number of transceivers as well as the number, amount, and characteristics of operating spectrums of small cell base stations to show the realization of existing spectrum sharing techniques proposed in the literature. We have exploited the high external wall penetration loss of a building and apply the ABS based eICIC technique for the co-channel interference management. Each proposed SBS architecture has been detailed and mathematically analyzed. Average capacity, SE and EE performance metrics have been derived, and with system-level numerical and simulation results, the relative outperformance of one SBS architecture to another has been discussed.
It has been found that the SE response of an SBS is directly affected by the channel characteristics as well as the number and amount of operating spectrum bands, the applied cochannel interference management strategy, and the rate of the traffic of the shared spectrum. Moreover, the number of transceivers per SBS has no impact so long as the characteristics, as well as the number and amount of operating spectrum bands, are kept unchanged. However, EE responses of all Types of SBS architectures vary negative exponentially with the SBS density irrespective of the number, amount, and characteristics of operating spectrums as well as the number of physical transceivers per SBS. More specifically, EE gets steady very fast with an increase in the density of SBSs and gives better EE responses for lower densities of SBSs. However, unlike SE, for large values of the SBS density, the Types of SBS architectures do not have a significant impact on EE responses. Finally, we have shown that all Types of SBS architectures can easily fulfill the prospective SE and EE requirements for 5G mobile networks. This paper gives a great insight into understanding how the quantity and the characteristics of operating spectrums of in-building small cells impact the realization of the major spectrum sharing techniques proposed for the 5G mobile networks.
